Objective: The sinoatrial (SA) node consists of a relatively small number of poorly coupled cells. It is not well understood how these pacemaker cells drive the surrounding atrium and at the same time are protected from its hyperpolarizing influence. To explore this issue on a small tissue scale we studied the activation pattern of the mouse SA node region and correlated this pattern with the distribution of different gap junction proteins, connexin (Cx)37, Cx40, Cx43 and Cx45. Methods and Results: The mouse SA node was electrophysiologically mapped using a conventional microelectrode technique. The primary pacemaker area was located in the corner between the lateral and medial limb of the crista terminalis. Unifocal pacemaking occurred in a group of pacemaking fibers consisting of 450 cells. In the nodal area transitions of nodal and atrial waveform were observed over small distances (|100 mm). Correlation between the activation pattern and connexin distribution revealed extensive labeling by anti-Cx45 in the primary and secondary pacemaker area. Within these nodal areas no gradient in Cx45 labeling was found. A sharp transition was found between Cx40-and Cx43-expressing myocytes of the crista terminalis and the Cx45-expressing myocytes of the node. In addition, strands of myocytes labeled for Cx43 and Cx40 protrude into the nodal area. Cx37 labeling was only present between endothelial cells. Furthermore, a band of connective tissue largely separates the nodal from the atrial tissue. Conclusions: Our results demonstrate strands of Cx43 and Cx40 positive atrial cells protruding into the Cx45 positive nodal area and a band of connective tissue largely separating the nodal and atrial tissue. This organization of the mouse SA node provides a structural substrate that both shields the nodal area from the hyperpolarizing influence of the atrium and allows fast action potential conduction from the nodal area into the surrounding atrium.
Based on the apparent distribution in densities of various 2. Methods ionic currents, a model was postulated in which a gradual transition in membrane properties from the SA node 2.1. Animals towards the atrium represents part of the substrate to allow impulse conduction towards the atrium.
Twenty-two Swiss mice weighing 41-46 g, of male sex In a mathematical study, Joyner and van Capelle [2] only, aged 10-12 weeks, were used. Animal care was in studied the sino-atrial interaction by coupling models of accordance with institutional guidelines and conforms to SA node cells with models of atrial cells. They suggested the Guide for Care and Use of Laboratory Animals that a gradual increase in intercellular coupling might be published by the US National Institutes of Health (NIH required for normal impulse formation together with Publication No. 1996) . impulse conduction from the SA node to the atrium.
In a qualitative ultrastructural study of the rabbit SA 2.2. SA node preparation node, it appeared that gap junctions became more frequent and larger in size in the peripheral zone compared to the 2.2.1. Electrophysiological mapping of the SAN central zone [3] . However, quantitative evidence of a Mice were anaesthetized by ether inhalation. After gradual increase in number or size of gap junctions in the cervical dislocation hearts were excised and immersed in a direction of the surrounding atrium is lacking [4] . In 'standard' solution containing (mM): 130.6 NaCl, 24.2 guinea pig, ten Velde et al. [5] examined the spatial NaHCO , 5.6 KCl, 2.2 CaCl , 0.6 MgCl , 11.1 glucose, 3 2 2 distribution of connexin (Cx)43 by immunofluorescence to 13.2 sucrose, saturated with 95% O and 5% CO at room 2 2 visualize the structural substrate for impulse propagation temperature. The whole heart was pinned to a perforated from the SA node to the atrium. They observed no gradient Teflon block to excise the right atrium under a surgical of Cx43 labeling between the SA node and the atrial microscope. The 5-ml tissue bath was perfused with muscle. Instead, they found protrusions of strands of atrial standard solution at a rate of 10 ml / min. cells into the primary pacemaker region. A similar interAfter removal of the ventricles the right atrium was digitation of nodal cells and atrial cells in the periphery of opened to expose the crista terminalis, the intercaval area the SA node was reported in bovine, rat and human hearts and the interatrial septum. The preparation was trimmed, [6] . In the rabbit SA node, Coppen et al. [7] found some leaving only the SA node region and surrounding atrium. restricted interdigitation of Cx45-positive nodal cells and This preparation was pinned by small stainless steel pins to Cx43-positive atrial cells. Furthermore, we found evidence the Teflon block with the endocardial side exposed up. of a gradual increase in density of atrial cells going from After mounting the preparation the temperature of the the primary pacemaker area towards the atrium [8] .
perfusion fluid was slowly raised and kept constant at The mouse was selected as a model to further explore 3760.38C. Transmembrane potentials were recorded by the structural substrate that allows a very small mammalian conventional glass microelectrodes filled with 2.7 M KCl SA node, located in the vicinity of the atrial tissue, to and 2 mM K-citrate and connected through an agar-Tyrode overcome the suppressive atrial influence. Therefore, we bridge and an AgCl wire to the input of a source follower. determined the spatial distribution of Cx37, Cx40, Cx43 Electrode resistance ranged between 15 and 30 MV. For and Cx45 in the nodal and atrial area of the mouse heart. the construction of activation maps, impalements were Electrophysiological mapping experiments were performed made 0.2 mm apart and in the primary pacemaker area to accurately localize the primary pacemaker region in down to 0.05 mm apart. A bipolar silver wire electrode relation to subsequent light microscopic and immuno-(interelectrode distance 0.3 mm) was placed on the histochemical localization of the different connexins. Our trabecula of the right auricle, close to the crista terminalis. results demonstrate that: (1) strands of Cx43 and Cx40
This electrode provided a surface electrogram of which the labeled atrial cells protrude into the central nodal area of first deflection served as a time reference for the dethe mouse heart, (2) a band of connective tissue largely termination of the sinoatrial conduction time (SACT). The separates the nodal and atrial area, and (3) transitions of activation moment of a cell was defined as the moment nodal and atrial waveform occur over small distances that the voltage was halfway between maximum diastolic (|100 mm) in the central nodal area. This organization of potential (MDP) and action potential overshoot, and was the mouse SA node forms a structural substrate for fast timed in respect to the time reference. A reliable activation impulse transmission from the SA node into the atrial map could be made when the activation moment of at least tissue, and reduction of the load that the large atrial mass 50 cells could be measured in an area of 234 mm. imposes on the SA nodal tissue.
In addition, this study describes for the first time 2.3. Data processing function, electrophysiology and connexin distribution in the mouse SA node and thereby supplies essential inData were acquired at a sample rate of 5 kHz and were formation needed to understand the accumulating cardiac off-line analyzed using custom-written software (J. Zegers, electrophysiological data on transgenic mouse models.
University of Amsterdam, The Netherlands). The following parameters were measured: cycle length (CLl), SACT, For labeling of gap-junction proteins, antibodies raised MDP, duration of action potential at half amplitude against synthetic peptides of Cx37, Cx40, Cx43 and Cx45 (APD ), duration of action potential between 50% depowere used. The anti-Cx37 (3 to 5 mg / ml), specific for 50 larization and 100% repolarization (APD ), maximum Cx37 only [9] , was raised in rabbit and directed against 100 upstroke velocity (V ), action potential amplitude (APA), amino acids 315-331 of rat Cx37. The anti-Cx40 (3 to 5 max and diastolic depolarization rate during the first 20 ms after mg / ml), specific for Cx40 only [10] , was raised in rabbit maximum diastolic potential (DDR). For statistical analyand directed against amino acids 335-356 of rat Cx40. The sis we used the mean values of the parameters of 10
Cx43 specific anti-Cx43 (1 to 3 mg / ml) [11] , was raised in subsequent action potentials. Results are presented as rabbit and directed to amino acids 314-322 of rat Cx43. mean6S.D.
The anti-Cx45 (Alpha-Diagnostics) was raised in rabbits against amino acids 285-298 of dog Cx45 [12] . Myocardial cells were specifically labeled with monoclonal anti-2.4. Light microscopy bodies directed to desmin (MON 3001-clone 33, 1:50, Monosan). In four experiments the activation map was correlated
After about 16 h of incubation with primary antibodies, with a histological reconstruction. To align the electrical the slides were thoroughly rinsed three times for 5 min map and histological staining pattern, the tissue was with PBS and again incubated with 2% of BSA in PBS for marked with 10-to 50-mm-diameter Alcian blue dots after 30 min. Fluorescence labeling was carried out in 2.5 h, the activation map was constructed. Therefore, the elecusing either fluorescein isothiocyanate (FITC)-or Texastrode was backfilled with 1% Alcian blue in 0.5 mM Red (TR)-conjugated secondary antibodies raised against sodium-acetate (pH 4.0) at the end of the mapping mouse-(1:100) or rabbit-(1:500) IgGs (Jackson Immunoprocedure. The tip of the electrode was broken to lower
Research Laboratories), diluted in PBS including 10% resistance and dots were obtained iontophoretically by serum of the host of the secondary antibody. Finally, slides applying rectangular 0.5 mA pulses (500 Hz; duration were washed in PBS and mounted with Vectashield (Vector 100-300 ms) for 10 s. Dots were placed at an interval of Laboratories). To check the specificity of the labeling, 200 mm along lines parallel and perpendicular to the crista sections were incubated (1) with the secondary antibody terminalis. In total, about 10 dots were placed. The only, or (2) with pre-immune serum as substitution of the preparation, together with its Teflon bed was immersed in primary antibody, or (3) with a mixture of pre-incubated buffered formalin for fixation. After dehydration and primary antibody and immunogenic peptide (15 to 50 removal of the Teflon support two staining methods were mg / ml). Immunolabeling was examined by epifluorescence used: (1) two preparations were embedded in paraffin wax light microscopy (Nikon, Optiphot-X2) and photographs and sectioned (thickness 7 mm) perpendicular to the crista were taken using Kodak 3200 ASA / TMZ black and white terminalis. These sections were stained according to the film. van Giesson elastic tissue staining method. (2) The other two preparations were embedded in Tecnovit 7100 plastic and sectioned in thin sections (2 mm) perpendicular to the 3. Results crista terminalis. These sections were stained with hematoxylin and Sirius Red to assess the connective tissue 3.1. Activation pattern and action potential distribution. characteristics
Immunohistochemistry
In all mammalian SA nodes which we have studied so far [3] , we have always cut the medial limb of the crista After electrophysiological mapping, four other preparaterminalis, which encircles the orifice of the superior caval tions were frozen in liquid nitrogen. The Teflon beds were veins, without any effect on cardiac rhythm. In the mouse removed and serial cryosections of 8-mm thickness were heart this technique resulted in pronounced irregularities in collected on 3-aminopropyltriethoxysilane-(AAS, Sigma interbeat interval (n55). When the muscle bundle was left A3648) coated slides, air-dried and stored at 2808C. Prior intact, the heart showed a steady interbeat interval of to incubation, slides were equilibrated to room temperature 144616 ms (n515) without much change (,5%) in the and rehydrated in phosphate buffered saline (PBS) for 5 time it took to complete an electrophysiological mapping min. The unfixed cryosections were incubated in 0.2% (|2 h). The final SA node preparation measured about Triton X-100 in PBS for 1 h and subsequently pre-incu-533 mm and contained the crista terminalis, the superior bated in 2% bovine serum albumin (BSA) in PBS for 30 and inferior caval veins, the tissue in between and a small min. Sections were incubated overnight at room temperaportion of the right atrial wall and the auricular trabecle ture with appropriate dilutions of primary antibodies in (Fig. 1) . PBS including 10% normal serum from the host of the The site of the pacemaker fibers could be identified secondary antibody.
electrophysiologically in the corner between the lateral and medial limb of the crista terminalis, which is in the orifice Around these primary pacemaker fibers there is a zone of the superior caval vein. In this area action potentials of secondary pacemaker fibers, commonly called the show all characteristics of pacemaker activity comparable transitional zone [13] . Electrophysiological features of to other mammalian SA node preparations, i.e. pronounced these fibers (Fig. 2B , third action potential from top, Table diastolic depolarization, low upstroke velocity, and long 1) are intermediate between the primary pacemaker cells duration. By a series of successive impalements at short and the common atrial cell (Fig. 2B , first, fourth and fifth distance, the size of the electrophysiological SA node, i.e. action potential from top). They have a lower diastolic the area where pacemaker activity could be delineated, depolarization rate and a higher upstroke velocity comcould be measured as within 300 mm parallel to the crista pared to the primary pacemaker cells (Fig. 2B , Table 1 ). terminalis and 150 mm perpendicular to it indicated as Their conduction time varies between a few milliseconds 'SAN' in Fig. 1 .
positive to a few milliseconds negative depending on their On the basis of their respective electrical activity a clear position relative to the preferential conduction path distinction between primary (dominant) and secondary through the node. In three preparations we were able to (latent) pacemaker fibers can be made. Primary paceconstruct a high resolution conduction map of the SA node makers have a diastolic depolarization rate of at least 85 (cf. Fig. 2A) . In general the impulse travels from the site of mV/ s and a maximal upstroke velocity of less than 10 V/ s origin preferentially in an oblique caudal direction to the (Fig. 2B , second action potential from top, Table 1 ). Fibers crista terminalis. In the primary pacemaker area of the SA with these characteristics are limited to an ovally shaped node the impulse propagates with a conduction velocity of 2 area of 0.01-0.02 mm ( Fig. 2A, oval with asterisk) . The about 5.0-6.5 cm / s (117611 mm in 2 ms, n53). In the sinoatrial conduction time (SACT) from these fibers to the periphery of the SA node, conduction was somewhat more atrium was invariably positive up to 5 ms. Furthermore, rapid: 8.0-9.0 cm / s (17067 mm in the next 2 ms, n53). pacemaking was unifocally in all experiments (n515).
In the transitional zone also fibers could be impaled with Fig. 2C shows an enlargement of the central nodal area of the same experiment displayed in Fig. 2A. Fig. 2D shows the presence of an atrial type of electrical activity (second action potential from top) in the vicinity (|100 mm) of fibers showing clear nodal pacemaker activity. Mark that nodal activity could be recorded between the atrial like fiber and the crista terminalis (Fig. 2D, first and third action potential from top). It was not possible to trace a path of atrial electrical activity from the nodal area towards the crista terminalis. Similar findings were obtained in one other experiment in which a high resolution conduction map of the central nodal area was constructed.
Morphology of the SA node
After electrophysiological mapping, the SA node was also histologically identified in four experiments by the following characteristic differences compared to the regular myocardium: (1) the size of the nodal cells is smaller causing an abundance of nuclei, and (2) the hematoxylin staining of the cytoplasm is lighter. The transition from atrial myocardium to nodal tissue is abrupt; on the side of the free atrial wall a clear separation is formed by broad bands of connective tissue (Fig. 3, broad arrows) . Also an atrial type of electrical activity. These atrial like fibers, have a constant diastolic potential (27560.5 mV, n520) and a high upstroke velocity (.150 V/ s, n520) and were found both at the endocardial and epicardial site of the group of cells demonstrating diastolic depolarization. inside the node the amount of connective tissue is higher junction distribution to the electrophysiologically mapped than in the atrium, splitting the nodal cells up into small sinoatrial region. Therefore, cryosections of the right atrial clusters (Fig. 3, small arrows) . Based on the histological preparation were labeled with fluorescent antibodies raised characteristics the nodal area measured 500 mm in length against gap junction proteins Cx37, Cx40, Cx43, and Cx45 and 150 mm in width. This area always coincided with the after electrophysiological mapping. electrophysiological SA node.
Myocardial cells were discriminated from non-myocardial cells by an antidesmin antibody that reacts with a 3.3. Distribution of gap junction proteins cardiac-specific intermediate filament (Fig. 5E ) [14] . Abundant fluorescent labeling of Cx40 and Cx43 protein In the next series of experiments we correlated the gap could be detected between the cells of the atrial working (Figs. 4A, 5A and C) . In contrast, between findings as summarized in Fig. 6 are: (1) only Cx45, but myocytes in the SA node region, over a large area no not Cx40 and Cx43, was found in the electrophysiologicallabeling of Cx43 (Figs. 4A and 5A) and Cx40 ( Fig. 5C) ly determined pacemaker area; (2) strands of myocytes could be observed. Although the border between labeled labeled for Cx40 and Cx43 protrude into the pacemaker and non-labeled myocytes appears clear-cut and no graarea; (3) no gradient in Cx45 labeling is found in the nodal dient in labeling was observed, strands of myocytes area; and (4) a band of connective tissue is localized positive for Cx43 (Fig. 5A, arrows) and Cx40 (Fig. 5C , between the SA node and the crista terminalis. These arrows) protrude into the connexin negative area. As findings substantiate evidence for a structural mechanism shown in Figs. 4B and 5B, the SA nodal area showed how a small SA node is shielded from the hyperpolarizing Cx45 staining. Whenever sections were incubated with a influence of the atrium and still can drive it. mixture of Cx45 antibody that was absorbed against the peptide to which it was raised, no labeling could be 4.1. Activation sequence in the SA node observed (Fig. 4C) , indicating that the Cx45-antibody recognizes the Cx45 protein. The area devoid of Cx43 and From this combined electrophysiological and histologiCx40 measured about 1250 mm in the direction parallel to cal study it appears that the structure and function of the the crista terminalis and 300 mm in the direction perpenmouse SA node follow the earlier descriptions of the SA dicular to it. It extended towards the inflow tract of the node of other small mammals [3] . The site of origin of the vena cava superior and ended in the roof of the right cardiac impulse differs histologically from the surrounding atrium, being localized primarily at the epicardial side of myocardial tissue by a greater nuclear density, a lighter the atrial wall (Fig. 5) . At the side of the electrophysiologistaining of the cytoplasm and the presence of a heavy cally determined primary pacemaker area, the area devoid mash of connective tissue. In the mouse this area measures of Cx40 and Cx43 almost covered the entire myocardial 3003150 mm, with a wall thickness of 50 mm or less, 6 3 wall from endocardium to epicardium (Fig. 4) . At the side resulting in a volume of about 2.2310 mm . Assuming of the secondary pacemaker area (Fig. 5) broad strands of that the size of the individual nodal cells roughly equals myocytes labeling for Cx43 and Cx40 protrude into the that of rabbit cells, average cell volume will be in the order 3 3 nodal area. of 2310 mm [3] . Assuming a ratio between nodal cells Cx37 labeling was only present between endothelial and connective tissue and interstitial cavity of 2:3, results cells of arteries embedded in the atrium, where it coin about 450 primary pacemaker cells. This number of localizes with Cx40 labeling (not shown).
cells is not far off the number of 500, which was estimated earlier in the guinea-pig heart [15] . It is as yet impossible to state a minimal number of cells needed for impulse 4. Discussion formation and propagation in the face of the hyperpolarizing load of the atrial tissue. In the present study, the distribution of gap junctions in
The preferential conduction pathway in the mouse SA and around the mouse SA node was correlated with the node runs from the primary center obliquely down to the electrophysiologically determined SA node. The major crista terminalis. Around the leading pacemaker site the conduction velocity is about 5.0-6.5 cm / s which is comparable to the conduction velocity of 2-8 cm / s found in primary pacemaker area of the rabbit [3] . In the periphery conduction velocity increased to 8.0-9.0 cm / s, which is considerably slower compared to the conduction velocity of 50-80 cm / s found in rabbit [3] . The higher maximum upstroke velocity found in mouse primary pacemaker cells compared to rabbit [3] (6.2 vs. 1.2-2 V/ s) is suggestive for the activation of the fast sodium current in mouse primary pacemaker fibres. Furthermore, in rabbit the maximum upstroke velocity is correlated to the conduction velocity. The shape of the isochrones ( Fig. 2A) shows that the action potentials arrive at the crista terminalis as a broad wavefront. Recently, it has been suggested that the arrival of the action potential at the atrial muscle as a broad wave front facilitates driving of atrial muscle by SA node [1] . Apparently, the crista terminalis acts as conduction path the medial limb that crosses the orifice of the caval vein to absence of a specific connexin. Furthermore, the nonthe left. The fibers in this medial limb show an atrial-like specificity of antibody probes may also influence the action potential without diastolic depolarization. Direct reliability of the data. Recently, Coppen et al. [26] showed transmission from nodal tissue to the atrial free wall is that the Cx45 antibody they used cross-reacts with the limited by coarse strands of connective tissue (Fig. 3) , same 4-amino acid sequence of Cx43. Therefore, dual largely separating the nodal tissue from the atrial myocarlabeling which shows co-localization of Cx43 and Cx45 dium. Connective tissue between the atrium and nodal immunostaining should be interpreted with great care. It tissue has also been described in rabbit (Coppen et al. cannot be ruled out that immunostaining with the anti- [26] ), monkey [16] and cow [6] . Oosthoek et al. [6] Cx45 antibody in these areas is due to cross-reaction with showed connective tissue in human but this was not found Cx43. The anti-Cx45 antibody in our study is from another by Anderson and Ho [17] . Functionally, such a connective source as the one used by Coppen et al. [26] . It may barrier will help to restrict the electrical load imposed on therefore have a different antigenicity, but because it is the SA node by the atrium.
raised against the same peptide sequence, cross-reactivity This preferential obliquely downward conduction pathof the Cx45 with Cx43 in the atrial working myocardium way in mouse is not common in mammalian SAN. In cannot be ruled out. However, because the antibody rabbit, pig, and guinea-pig the preferential route is obliqueagainst the synthetic peptide is a polyclonal isolated from ly upward, whereas it is transverse in the SA node of the rabbit serum, it will also contain specific antiCx45 anticat and obliquely downward in the simian [18, 19] . Apparbodies. Therefore, when no Cx43 labeling is found, sole ently the routing is not related to the size of the node. In Cx45 labeling as observed in the SA nodal region, will be the case of the simian node it was hypothesized that an specific for only Cx45. obliquely downward routing could be a way to shorten the route to the AV node. Since the interbeat interval of the 4.3. Distribution of connexins and pacemaker function mouse heart is extremely short (144616 ms, n515), this could be a physiological function in the mouse heart as In a model study, Joyner and van Capelle [2] determined well.
that a gradual increase of intercellular coupling from the central part of the SA node towards the periphery may be important for the SA node to drive the surrounding atrium.
Connexins in the SA node
So far, no experimental evidence has been found for such gradual increase [4] . In this study we did not observe a The presence of gap junctions in the SA node has been gradient in labeling in any of the three connexins studied, electron microscopically demonstrated in various species although we cannot exclude subtle gradients in connexin and they appeared to be sparse and smaller in size density below the detection threshold of immunofluorescompared with those from the surrounding atrium [18] .
cence labeling. On the other hand we observed strands of The connexin composition of gap junctions between sinus Cx40 and Cx43 positive myocytes that protrude into the node cells has been the subject of many studies (see pacemaker area. In the nodal area we observed sharp reviews by OptHof [18] and Boyett et al. [1] ). The general transitions in action potential waveform over small disconcept is that Cx40 and Cx43 are abundantly present in tances (|100 mm, Fig. 2C and D) . This finding is the atrial myocardium and that nodal cells contain Cx40,  suggestive for strands of atrial myocytes running into the Cx45 or Cx46 [4] . However, some results concerning the central pacemaker area, which are poorly coupled to the connexin distribution in the SA node have been inconsissurrounding nodal tissue. In guinea pig we previously tent and conflicting. The SA node has been reported to be observed similar sharp transitions in action potential either Cx43 positive in rabbit [7] , dog [20] and hamster waveform [5] . Similarly, interdigitation of Cx43 positive [21], or Cx43 negative in rabbit [22] [23] [24] , dog [24] , human atrial cells and Cx43 negative SA node cells has been [6, 24] , rat [6, 24] , bovine [6, 24] and mouse (this study). In reported in bovine, rat and human hearts [6] . In rabbit, this study we neither observe Cx40 labeling in the SA some interdigitation was present although it was not as node of the mouse. Only Cx45 gap junction staining was pronounced as in the aforementioned species [7] . The positive in the mouse SA node. Discrepancies between the distinct strands of Cx40 and Cx43 positive cells in the different studies may be caused by species-dependent mouse SA node, instead of a gradient in gap junctions, differences in connexin expression. It may also be due to might be important to propagate the impulse from the SA species-dependent differences in gap junction size.
node into the atrial tissue by limiting the contact between In the rabbit SAN, the mean number of channels in each both tissues. In addition, a low gap junction density gap junction is reported to be about 90 channels [25] , together with the low single channel conductance of Cx45 which is close to the detection threshold of immuno- [27] compared to Cx40 [28] and Cx43 [29] may help to fluorescence labeling [5] . Thus, the absence of immunoprotect the nodal area from the hyperpolarizing influence fluorescence labeling does not necessarily implicate the of the atrium.
